This work presents a fortran77 code based on an effective electrostatic model of point charges around a rare earth ion. The program calculates the full set of crystal field parameters, energy levels spectrum, and wave functions, as well as the magnetic properties such as the magnetization, the temperature dependence of the magnetic susceptibility, and the Schottky contribution to the specific heat. It is designed for real systems that need not bear ideal symmetry and it is able to determine the easy axis of magnetization. Its systematic application to different coordination environments allows magneto-structural studies. The package has already been successfully applied to several mononuclear systems with singlemolecule magnetic behavior. The determination of effective point charge parameters in these studies facilitates its application to new systems. In this article, we illustrate its usage with two example studies: (a) an ideal cubic structure coordinating a lanthanoid ion and (b) a system with slow relaxation of the magnetization, LiHo x Y (1-x) F 4 .
Introduction
Molecular magnetism applies molecular techniques for designing and studying new classes of molecule-based magnetic materials, from the bulk to the nanoscale. Over the past 10 years, the field has been revitalized by the discovery that mononuclear metal complexes may show a single-molecule magnetic (SMM) behavior, with a new set of unusual quantum physical phenomena as compared with polynuclear complexes. [1] These mononuclear SMMs are commonly abbreviated as single ion magnets (SIMs) and are usually formed by an anisotropic lanthanoid ion experiencing the crystal field (CF) generated by a set of surrounding ligands. Their properties depend mostly on both the nature of the lanthanoid and the CF environment. Such nanomagnets have been proposed as promising candidates for applications like quantum computing, [2] high-density information storage, molecular spintronics, [3] and nanotechnology. [4] In 2003, the pioneering work in the field was reported by Ishikawa et al. [5] in a series of compounds of general formula [Ln(Pc) 2 ]
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, with phthalocyaninato anions as ligands and a "double-decker" structure. In the recent few years, the concept of SIMs has been extended to an increasingly large number of families of mononuclear lanthanoid [6] and actinoid [7] complexes, but a general theoretical description concerning energy levels, wave functions, and magnetic properties is still needed. In contrast with the classical polynuclear SMMs, whose properties are dominated by exchange interactions between the ions, in SIMs there is a direct relationship between the electronic spectrum resulting from the CF splitting of the single ion and the magnetic properties of the molecule. For this reason, there is a need for general models that are capable to correlate the structural and electronic features of the metal complex with its SMM properties. Moreover, a reliable description of spin eigenvectors will open the possibility of realizing the potential of these systems as spin qubits in quantum computing. [8] In this context, the implementation of quantum logic gates in nanomagnets is a motivating challenge that has recently experienced a fast development with both experimental and theoretical results. [8a, 9, 10] As we pointed out, the magnetic anisotropy that produces slow relaxation of the magnetization in lanthanoid SIMs arises from the zero-field splitting of the J ground state caused by the CF, which includes important terms up to the sixth order. Thus, a complex crystal field Hamiltonian (H CF ) needs to be properly defined for a full theoretical analysis. Any review of the field literature demonstrates the difficulty, even after intense experimental and theoretical efforts, of extracting more than the nature, strength, and orientation of the magnetic anisotropy. [11] Indeed, it is possible to rationalize static magnetic properties using crude approximations that consider only a handful of CF terms. [12] Often, exact pseudo-axial group symmetry is assumed, disregarding the actual molecular geometry, [13] or a single "effective" extradiagonal term is used to avoid overparametrization. This happens even in the presence of multiple sources of spectroscopic data. Of course, these approximations are utilized out of necessity, but one would expect that the full set of extradiagonal parameters would be required to understand the fine details of the dynamic behavior of those systems. It is worth pointing out that small deviations from idealized geometries often do determine the values of the extradiagonal terms, which will be in turn controlling some properties, for example, the tunnel splitting. Detailed knowledge about the lowest energy sublevels and the corresponding wave functions would not be only useful to rationalize their magnetic properties but also to facilitate the discovery of new derivatives with such interesting properties. Some theoretical efforts have been made in this direction. Among these, it is worth to quote the work of Chibotaru et al., [14] which have performed ab initio calculations [complete active space-self consistent field (CASSCF), CASPT2], mainly concerning lanthanoid clusters. Beyond the CF, these calculations considered both the very weak magnetic interaction between magnetic centers [15] and the dominating single ion effects, that is, spin-orbit interaction. Additionally, several other groups [16, 17] have focused on their studies on the theoretical study of the optical levels of lanthanoid complexes. Within their approximation, CF parameters have been obtained, although at a great computational cost. Also, Gatteschi et al. [18] recently undertook a more didactical approach in a tutorial review concerned with basic aspects of rare-earths ions magnetic properties, CF parameters and energy levels determination focusing on Dy (III) derivatives. A different approach from solid-state physics is a package called McPhase that was designed for the simulation of various properties of rare earth systems, becoming a standard tool for physicists working in neutron scattering. [19] Regarding the program we present herein, it is important to remark that SIMPRE was designed with experimental chemists in mind. The package is an easy-to-use tool for the geometrical design of new systems and the rationalization of everyday measurements such as magnetic susceptibility. It works mainly with real molecules, which usually have low symmetry, and is capable of solving problems that arise there, such as finding the easy axis of magnetization. In the following sections, we will present both the theory and the implemented fortran77 program. In the last section, some examples are presented to show the possibilities of the program.
Theoretical Background
Herein, we describe a brief summary of the theoretical model used in the program package to study mononuclear lanthanoid complexes. Our calculations are primarily based on an effective crystal field Hamiltonian,Ĥ cf , which considers a point-charge electrostatic (PCE) model around a central ion, [20, 21] previously proven to be useful for the rationalization of the magnetic properties of lanthanoid SIMs. [22] The starting point is the set of atomic coordinates of the target compound that can be idealized to obtain the non-negligible CF parameters. The CF Hamiltonian generated by a charge distribution can be written in its most primitive form as a sum of Coulomb fields created by the charges, that is, N ligands are represented by their point charges. Due to our interest in the magnetic properties, all the excited levels are neglected and we consider only the splitting of the ground J-multiplet. [23] The CF Hamiltonian can be expressed in terms of different operators: spherical harmonics, [24] Stevens' operators, or irreducible tensors operators. The different notational conventions of this Hamiltonian are related to each other by equivalence coefficients. In our package, we use the extended Stevens operators, O q k , which are the most extensively adopted operators in CF calculations. [25, 26] For a given J-multiplet, the CF Hamiltonian based on the Stevens formalism takes the general form:
where k (for f-elements, k 5 2,4,6) is the order, also called rank or degree, of the Stevens operator equivalents O q k , and q is the operator range that varies between k and 2k, a k is the tabulated a, b, and c Stevens coefficients [27] for k 5 2, 4, 6, respectively. r k are the Sternheimer shielding parameters of the 4f electronic shell and <r k > are the expectation values of the electron radial coordinate for the 4f wave function. [28] Table 1 contains all these tabulated coefficients for the lanthanoids that are introduced in the computational package. The commonly used second-order zero field splitting parameters D and E are related to the B c kq ð21Þ
where h i , u i , R i , are the polar coordinates of the effective point charge Z i which represent the ith ligand with the lanthanoid at the origin of the coordinates system; e is the electron charge and c kq is a tabulated numerical factor that relates spherical harmonics Y k-q and the Stevens operators. Naively, the atomic polar coordinates and an effective point charge equal to the oxidation state could be used for a lanthanoid surrounded by spherical donor atoms, for example, in homoleptic O 22 , F demonstrated in a previous article. [29] These are useful extensions of this software package to reproduce the magnetic properties in a variety of compounds. Furthermore, a quantum chemistry calculation can give an estimation of charge density and distribution around the ligands, which can be used as an input in SIMPRE.
With this, one can evaluate the energy matrix and, therefore, the eigenvalues and eigenvectors of the system. To evaluate the magnetic properties, we need to introduce the interaction between the external magnetic field and the spin system (Zeeman effect). This interaction can be expressed as follows:
where ZEE is the Zeeman effect, g J is the Land e g-factor for the lowest free-ion level, l B is the Bohr magneton,J is the total electronic angular momentum operator, andH is the external magnetic field. Finally, from the eigenvalues of the system at different magnetic fields or temperatures, the partition function Z and the different thermodynamic properties of the system, as magnetization, magnetic susceptibility, and magnetic specific heat, can be evaluated:
Organization of the Code and Data Flow
As explained in the previous section, SIMPRE calculates CF parameters, energy levels, and magnetic properties such as magnetization, magnetic susceptibility, and specific heat on mononuclear lanthanoid complexes. This program is completely written in standard portable fortran77. Figure 1 shows a schematic chart for the organization of the whole program, which briefly is as follows: the main program starts by calling the READ subroutine, which reads the include files simpre.par and simpre.dat, verifying their information and proceeding to initialize a large common block area containing the data needed to run a calculation. The file simpre.par contains parameters, that is, options for the program such as the lanthanoid metal under study, while simpre.dat contains the basic data, that is, coordinates and effective charges. In the second step, the main program calls ROTA, BKQ, and ENER, which together solve the Hamiltonian problem. Subroutine ENER creates the main output file (simpre.out) containing in a schematic way all the information concerning the system definition and the errors and warnings generated at the different steps of the initialization process. Last but not least, if the corresponding option is activated in simpre.par, SUS and MAG are 
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WWW.C-CHEM.ORG called to calculate the magnetic susceptibility, magnetization, and specific heat. The rest of this section analyzes this scheme with more detail. As explained above, at the beginning, the program accepts as main input the file simpre.dat wherein the user introduces either Cartesian or Spherical coordinates and the effective charge of the atoms in the first-coordination sphere. The other external file, called simpre.par, specifies the rare earth ion (1 5
choice), the number of N coordinated atoms to be read, the kind of coordinate system that has been used, and the properties to be calculated.
After the initialization process, the main program enters in ROTA, which may be used to determine the main magnetic axis of the molecule, according to the geometrical distribution of the charges introduced by the user as an input. If the corresponding option has been activated in simpre.par, ROTA performs rotations around the three axes and in each step calls BKQ and ENER. BKQ calculates the CF parameters and ENER determines the wave functions and wave vectors of each energy level. The matrix Hamiltonian is diagonalized by a standard subroutine ZHPEV of the LAPACK Mathematical library. [30] The criterion for ROTA is the following: The selected orientation will be the one that results in the purest wave function for each energy level, measured by the addition of the highest squared coefficients. Of course, up to a point the orientation of the coordinate axis is arbitrary and it certainly does not alter the calculated properties, so this step can be skipped for certain applications, for example, when calculating the vT product of a powder sample, or if the desired orientation is known beforehand. For example, for ideal or nearly ideal systems, an external program may be used to orient the molecule, so that the z axis is aligned with the main symmetry axis. At this point, it is important to stress that the state basis depends on the orientation, so a random orientation in general produces a higher number of parameters and more complicated wave functions and is thus, not suited for meaningful comparisons and in general less convenient.
If the magnetic properties of the lanthanoid complex are to be evaluated, and thus the corresponding options have been marked in simpre.par, the different subroutines associated to these properties are called from ENER. These subroutines are MAG and SUS, and they calculate magnetization, magnetic susceptibility, and specific heat, respectively. To calculate such properties, a new evaluation of the energy matrix that includes the additional interaction of the system with the external field is required. This new contribution is evaluated in the secondary subroutine ZEE (Zeeman effect) (not included in the diagram). To obtain a proper evaluation of these properties for powder samples, MAG and SUS subroutines assure a correct integration of the properties over the different orientations of the external magnetic field. SIMPRE returns from SUS and MAG different output files containing the evaluated properties in a column text type format that allows an easy plot for graphic package: sus.out and mag.out.
Regardless of whether or not sus.out and mag.out are produced, an execution of SIMPRE will produce at least one output file, namely simpre.out. Such file contains the result of the final coordinates and the diagonalization of the Hamiltonian problem, that is, the basis function set and the list of eigenvalues and eigenvectors. Additionally, it includes different messages of warnings and errors that help checking the coherence in the system definition, resulting in a guide to follow the different steps in the calculation.
Application of the Program
SIMPRE has already been applied with success in a number of cases. The use of the program is the backbone of a recent general effort for the rational design of SIMs and spin qubits based on mononuclear lanthanoid complexes. [22] SIMPRE was also used to determine the allowed CF parameters of a new lanthanoid SIM family based on polyoxometalates in a fivefold symmetry, [31] and to study the properties of two trigonal prismatic SIMs based on pyrazolylborate [32] ; SIMPRE calculations were found to be consistent with sophisticated EPR data, reproducing the tunneling gap and rationalizing the allowed transitions. [33] Moreover, both its basic methods and its original scope have been already expanded significantly. On a first stage, the REC model and the LPEC model were proven to be useful for a more accurate reproduction of magnetic properties in a variety of compounds, [29] and this path has been recently explored for the particular case of polyoxometalates. 1 On a second stage, this enhanced method was used to rationalize the magnetic properties and provide the first description of the SMM of the five, reported to date, uranium SIMs. [34] In this section, we will show with two examples of the possibilities of the program. This powerful approach is illustrated with the example of an ideal cube where we calculate the CF parameters and the energy level scheme of the series Ln 5 Tb, Dy, Ho, Er, Tm, and Yb, and the study of the SIM LiHo x Y (1-x) F 4 providing CF parameters, energy levels, wave functions, and magnetic susceptibility, compared with experimental values.
Example 1: Ideal cube (LnX 8 )
As a most simple example, we construct simpre.dat by placing eight identical Z i 5 1 charges on the vertices of an ideal cube, oriented in such a way that the charges are on the xz and yz planes. The eight charges are placed at a distance R 5 2.5 Å from the central lanthanoid atom, that is, in the origin of the coordinates system. In simpre.par, we switch off ROTA, SUS and MAG, because we are only interested in the CF parameters and energy levels. In these conditions, we run the program and repeat the procedure six times specifying in simpre.par, the six late lanthanoids: Tb, Dy, Ho, Er, Tm, and Yb. Table 2 and Figure 2 Table 1 . Finally, note that in this case for the extradiagonal parameters, the modulus contains all meaningful information. Different rotations around the fourfold symmetry axis merely rotate this modulus in the real-imaginary plane. This is always the case, for symmetry reasons, when all nonzero extradiagonal parameters are of the same range q. In Figure 2 , we can appreciate that in cubic symmetry, the nonKramers ions present degeneracies 1, 2, and 3 while the states of the Kramers ions are either doubly or four times degenerated. For further verification, Supporting Information Table S1 provides the eigenvalues and M J contribution to the wave functions of the ground state in TbX 8 .
As a further refinement within CF theory, this second example illustrates how one can improve the placement and magnitude of the point charges. In this case, an external REC effective correction described by Baldov ı et al. [29] has been applied to the much studied quantum magnet LiHo x Y (1-x) F 4 . The ligand is modeled through an effective point charge situated in the axis lanthanoid-coordinated atom at a distance R, which is smaller than the real metal-ligand distance. To account for the effect of covalent electron sharing, a radial displacement vector (D r ) was defined, in which the polar coordinate R has been varied.
At the same time, the charge value (Z i ) has been scanned to achieve the minimum deviation between calculated and experimental data, whereas h and u remained constant. For this compound, the best fitting of the experimental energy levels was obtained for D r 5 0.76 Å and Z i 5 0.20 of the fluoride point charges. Such correction was introduced modifying the coordinates and the effective charge in the input file, reducing the polar coordinate R from 2.25 Å (distance between the center of the lanthanide and the center of the fluoride atom) to 1.49 Å and introducing the value of the charge, Z i . For an easier reproduction of the results, input coordinates are reported in Table 3 . Such coordinates, obtained after the application of the REC parameters to the fluoride donor atoms coordinates of the crystallographic structure corresponding to a single molecule, [35] reproduce the energy level scheme spectroscopically determined by Christensen [36] with a relative error of 2.14Á10 22 (Fig. 3) . CF parameters are reported in Table 4 (15%), and 76 (35%), allowing quantum tunneling between 1M J and 2M J . The total CF splitting is about 305 cm 21 .
Finally, the experimental susceptibility curve [37] of the complex is closely reproduced (Fig. 4) using the previously obtained set of CF parameters (Table 4) . A TIP correction of 26.27Á10 24 emu/mol has been applied to our theoretical data.
Theoretical and experimental vT values only diverge in the two first points, that are at 6 and 8 K, as we can see in Figure  4 . The relative error between both curves, taking into account all the points, is of 1.91 3 10 23 . This means that the agreement is excellent, especially remarking that the only fitting parameter on this curve is the contribution of the temperature independent paramagnetism.
Concluding Remarks
In this article, we have presented a package that allows the calculation of the CF parameters, the magnetic energy levels, and the eigenvectors of mononuclear rare earth complexes with the lanthanoids Ce, Pr, Nd, Pm, Sm, Tb, Dy, Ho, Er, Tm, and Yb as a magnetic center, as well as the usual magnetic measurements (magnetization, magnetic susceptibility, and specific heat). Also, it permits the study of other rare earths, for example, uranium(III) or uranium(IV), if required by the user. The program is based on a PCE model using the described crystal field Hamiltonian. Coordinates and effective charges may be modified by applying the REC and LPEC models described in a previous article to provide a more realistic description of the energy level scheme of the target systems.
SIMPRE is a powerful tool to obtain a prediction of some static and dynamic magnetic properties given the molecular structure but before performing any sophisticated characterization. Also, this program restricts the parameter space considerably once experimental data are available, allowing for physically meaningful fits. This program may be used for rationalizing in which conditions a single molecule can act as a mononuclear magnet, to predict quantum tunneling of the magnetization and study which complexes may be potential candidates for quantum computing. Further developments will be concerned with those points. For the future extensions, an important point to implement is the electron paramagnetic resonance (EPR) spectra simulation of the complexes, coming from the eigenmatrix including the Zeeman contribution. Furthermore, we are currently working with the addition of exchange coupling constants between magnetic centers to expand the calculation to more complex systems that are magnetically interesting. 
